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design	 of	 cyclodextrin	 (CD)-based	 polymeric	 materials,	 the	 molecular	 engineering	 of	 a	
pyrene	 derivative	 for	 the	 formation	 of	 self-assembled	 nanostructures	 and	 the	 design	 of	
smart	nanocarriers.		
Considerable	 efforts	 have	 been	 devoted	 to	 the	 design	 of	 molecular	 receptors	 capable	 of	
specific	 recognition	 of	 a	 wide	 variety	 of	 targets	 ranging	 from	 small	 inorganic	 ions	 to	 large	
biomolecules.	 These	molecular	 receptors	 have	 been	widely	 used	 to	 produce	 (nano)materials	
with	 superior	molecular	 recognition	 properties.	While	 these	materials	 have	 been	 extensively	
studied	 for	biomedical	applications,	 their	use	 in	environmental	 sciences	or	biotechnology	has	
been,	to	some	extent,	neglected.	
Supramolecular	materials,	because	of	their	superior	molecular	recognition	properties	may	find	
a	 wealth	 of	 new	 applications	 for	 the	 selective	 removal	 of	 harmful	 or	 valuable	 targets	 from	
industrial	waste	streams.	While	the	specific	recovery	of	valuable	chemicals	from	waste	streams	
represents	 an	 environmentally-friendly	 and	 potentially	 economically-relevant	 alternative	 to	
synthetic	chemical	productions,	it	remains	a	largely	unmet	challenge.	This	is	partially	explained	




to	endow	 these	polymers	with	 selective	 adsorption	properties,	 several	monomers	 and	 cross-
linkers	were	screened	and	selected.	The	adsorption	properties	of	the	CDPs	produced	were	first	
tested	with	 selected	phenolic	 compounds	commonly	 found	 in	OMW,	namely	 syringic	acid,	p-
coumaric	 acid,	 tyrosol	 (TY)	 and	 caffeic	 acid.	 The	 selected	CDPs	were	 subsequently	 tested	 for	
their	ability	 to	adsorb	phenolic	 compounds	directly	 from	OMW,	which	 is	 known	 to	possess	a	
high	 and	 complex	 organic	 content.	 Adsorption	models	 and	 adsorption	 kinetics	 were	 studied	
and	 allowed	 to	 set	 a	 new	 method	 on	 a	 pilot	 plant.	 It	 was	 demonstrated	 through	 liquid	
chromatography-mass	 spectroscopy	 (LC-MS)	 analyses	 that	 efficient	 removal	 of	 phenolic	






recovered	 fractions	 after	 extraction	 of	 the	 phenolic	 compounds,	which	makes	 the	 recovered	
waters	relevant	for	irrigation	purposes.			
The	 use	 of	 CD-based	 polymeric	 materials	 for	 the	 removal	 of	 valued	 added	molecules	 could	
represent	a	new	approach	that	will	benefit	from	the	ease	of	production	of	CDP	and	cost.	
Nature	 represents	 an	 inexhaustible	 source	 of	 inspiration	 for	 elegant	 hierarchically	
assembled	 structures	 and	biology	 is	 replete	with	numerous	 examples	 of	 highly	 complex	 self-
assembled	 structures.	 From	 cell	 membranes	 to	 proteins	 and	 viruses,	 the	 precise	 internal	
organisation	 of	 these	 biological	 structures	 is	 based	 on	 non-covalent	 interactions	 of	 subunits.	





of	 large	supramolecular	entities	with	precise	dimensional	organisation.	 In	 this	PhD	 thesis,	we	
report	the	synthesis	and	template-free	hierarchical	self-assembly	of	a	novel	pyrene	derivative	
into	well-defined	nanorods.	 The	 formation	 and	 the	 three	dimensional	 packing	of	 this	 pyrene	
derivative	 into	 nanorods	 were	 studied	 by	 means	 of	 fluorescence	 and	 UV-Vis	 spectroscopy,	
scanning	electron	microscopy,	single	crystal	and	powder	X-ray	diffraction	studies.	
Nowadays	 oil	 and	 hydrocarbons	 cover	most	 of	 our	 energy	 needs.	 In	 2008,	 the	world	
demand	 reached	 85.62	 million	 barrels/day.[1]	 Consequently	 spill	 accidents	 cause	 also	
considerable	damages	and	water	contamination	by	oil	spills	represents	a	major	global	problem.		
Several	approaches	for	the	degradation	of	oil	spills	are	available	including	mechanical	removal,	
wiping	with	 absorbent	materials	 or	 booming	 and	 skimming,	 but	 these	 techniques	 stay	 fairly	
limited	 in	efficiency.	Besides	these	methods,	bioremediation	has	emerged	as	one	of	the	most	
promising	 treatment	 for	oil	 spill.	 Bioremediation	 is	divided	 into	 two	branches,	biostimulation	
and	 bioaugmentation.	 We	 propose	 in	 this	 thesis	 an	 alternative	 way	 to	 overcome	 dilution	
related	 issues	 in	 biostimulation	 to	 degrade	 hydrocarbons	 through	 the	 stimulation	 of	 the	
microbial	growth	to	increase	the	rate	and	efficiency	of	hydrocarbons	degradation.	The	system	
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The	 loading	and	kinetic	 releases	of	 the	nutrients	 contained	 in	 the	SGPs	have	been	studied	 in	
different	environments,	water	and	mixture	oil/water.	The	design	of	such	particles	represents	an	
alternative	 and	 ecological	 way	 to	 overcome	 the	 dilution	 or	 the	 non-targeted	 release	 of	
nutrients	for	oil-degrading	bacteria.		
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FIGURE	56.	A)	FLUORESCENCE	 SPECTRA	OF	1	 (ΛEXC	=	326	NM)	 IN	 ETHANOL.	 INSET:	 PHOTO	OF	 SOLUTIONS	OF	1	 IN	 ETHANOL	AT	 LOW	
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FIGURE	 85.	 FTIR	 SPECTRUM	 OF	 POWDER	 OF	 1	 (BLACK	 LINE)	 AND	 SUPRAMOLECULAR	 RODS	 OF	 1	 (GREY	 LINE).	BOTH	 SPECTRA	 FROM	






































































The	 plethora	 of	 chemical	 reactions	 identified	 over	 the	 years	 had	 led	 chemists	 to	 design	
molecules	with	an	extremely	precise	control	of	reactivity.	Over	time	and	with	a	significant	work	




Lehn	 coined	 the	 name	 "supramolecular	 chemistry"	 in	 1978,[3]	 but	 breakthrough	 in	 this	 field	
came	20	year	before,	by	Pedersen,	with	the	synthesis	of	crown	ethers.[4]	Cram,	with	his	work	on	
cryptand,[5]	 and	 Lehn	 with	 the	 synthesis	 of	 ion	 selective	 receptors,[6-7]	 joined	 Pederson	 in	
winning	the	Nobel	Prize	in	chemistry	in	1987	for	their	development	and	use	of	molecules	with	
structure-specific	 interactions	 of	 high	 selectivity.	 All	 together	 they	 allowed	 supramolecular	
chemistry	to	become	a	recognised	and	vivid	domain	of	chemistry.		
Before	 it	was	recognised	as	a	 field	of	study	 in	 its	own,	supramolecular	chemistry	was	already	
making	its	way	through	the	mind	of	chemists.	It	was	first	conceptualised	by	Emil	Fisher	in	1894	
with	the	lock	and	key	mechanism.[8]	The	concept	was	developed	to	explain	enzyme	binding	to	
their	 substrates.	 A	 concept	 that	 is	 nowadays	 being	 exploited	 for	 molecularly	 imprinted	
polymers.[9]	 The	 structural	 complementary	 between	 enzyme	 and	 substrate	 is	 responsible	 for	
the	high	 selectivity	of	binding,	Figure	1.	Half	a	 century	 later,	 in	1958,	Koshland	proposed	 the	
"induced-fit"	 mechanism,	 a	 new	 concept	 that	 would	 correct	 and	 replace	 the	 lock	 and	 key	
mechanism,	Figure	1.[10]	 In	 this	new	model,	 the	 interaction	of	 the	substrate	with	 the	enzyme	
induces	 conformational	 changes	 of	 the	 enzyme	 binding	 site	 before	 the	 biocatalytic	 reaction	
occurs.	Supramolecular	chemistry	did	not	cease	to	evolve	and	to	become	more	complex	since	















Molecular	 complexation	 involves	 the	 complementary	binding	of	 a	 guest	molecule	and	a	host	















from	 dimerization.	 The	 macrocycle	 also	 stopped	 large	 reactants	 to	 access	 the	 cavity.	
Furthermore,	 the	synthesis	and	reactions	of	cyclobutadiene	that	had	been	carried	out	 first	 in	






























broad	 range	 of	 functionalization,	 low	 toxicity,	 and	 size	 range	 have	 made	 CDs	 excellent	
candidates	 for	 numerous	 applications,	 especially	 in	 pharmacy,	 cosmetic,	 chromatography,	
environment	 and	 food.[17-18]	 Thakkar	 and	 Demarco	 were	 the	 first	 in	 1971	 to	 bring	 direct	
evidence	of	the	formation	of	inclusion	complexes	between	several	organic	substances	and	β-CD	
using	 nuclear	 magnetic	 resonance	 (NMR)	 spectroscopy.[19]	 They	 described	 changes	 in	 the	
chemical	 shifts	 of	 the	 protons	 present	 in	 the	 inner	 cavity	 before	 and	 after	 complexation;	




the	 field	of	 applications	 to	a	 larger	extent.	 For	example,	Breslow	and	coworkers	managed	 to	
catalysis	 a	 Diels-Alder	 cycloaddition	 that	 no	 natural	 enzyme	 and	 no	 common	 catalyst	 could,	
using	a	modified	CD.[20]	Mediation	and	catalysis	of	organic	reactions	using	CDs	has	been	also	an	




to	 build	 larger	 and	 more	 sophisticated	 structures.	 In	 hierarchical	 molecular	 self-assembly	
molecules	adopt	a	defined	arrangement	and	configuration	to	spontaneously	form	an	organized	
supramolecular	structure	of	increasing	order	and	complexity.[22]		
Nature	 is	 filled	of	 examples	of	 elegant	hierarchically	 assembled	 structures.	One	of	 the	major	
and	particularly	vital	process	of	self-assembly,	with	the	formation	of	the	double-stranded	DNA	
molecule,	is	protein	folding,	Figure	5.[23]	The	translation	of	a	sequence	of	nucleobases	from	the	





stage	of	protein	 folding	 the	catalytic	activity	 is	 functional.	Eventually,	 self-organisation	of	 the	
subunits	forms	the	quaternary	structure	of	the	protein.[23-24]	It	is	the	primary	structure	and	the	










and	 π-π	 interactions.[25]	 In	 2006,	 Meijer's	 group	 reported	 the	 hierarchical	 self-assembly	 of	
oligo(p-phenylenevinylene)	 (OPV)	 derivatives,	 Figure	 6.[26]	 These	 OVP	 derivatives	 feature	 a	
peripheral	trialkoxy	group	on	one	side	and	an	ureidotriazine	moiety	on	the	other.	The	creation	
of	 hydrogen	 bonds	 between	 these	 ureidotriazines	 allowed	 the	 formation	 of	 dimers	 via	
quadruple	 hydrogen	 bonds.	 Decrease	 in	 temperature	 causes	 10	 to	 15	 dimers	 to	 interact	
together	via	an	isodesmic	pathway,	forming	a	disordered	stack.	Upon	further	cooling,	the	OPV	
derivatives	become	more	 and	more	 restricted	 via	 a	 cooperative	process	 and	undergo	 then	a	







the	 structure.	 The	 structure	 acquires	 its	 final	 complex	 arrangement	 after	 the	 assembly	 of	
subunits.	 The	 emergence	 of	 this	 complex	 (nano)structures	 and	 the	 ability	 to	 control	 and	
program	 their	 form	 is	 of	 high	 interest	 for	 fields	 like	optics	 or	 optoelectronics.	Aizenberg	 and	
coworkers	 used	 bottom-up	 strategies	 to	 build	 supramolecular	 structures.[27]	 The	 authors	














In	 supramolecular	 template-directed	 synthesis	 or	 directed	 self-assembly,	 an	 intrinsic	 self-
assembling	system	is	modulated	or	assisted	using	a	template.	This	chemical	template	is	present	
to	 force	 the	 building	 blocks	 to	 adopt	 a	 specific	 shape	 or	 position	 through	 noncovalent	
interactions.	The	removal	of	the	template	after	completion	of	the	self-assembly	can	be	either	
thermodynamically	 favoured	 or	 triggered	 by	 external	 stimuli.	 The	 development	 of	 catenane,	
rotaxane	and	other	interlocked	molecular	structures	illustrates	the	intensive	work	carried	out	in	
supramolecular	 template-directed	 synthesis,	 Figure	 8.[28]	 Catenanes	 consist	 in	 two	 or	 more	
















systems	which	 are	made	 of	 two	 entities	 that	 are	 not	 attached	 covalently.	 However,	 in	 such	
system	at	least	one	covalent	bond	has	to	be	broken,	as	in	a	molecule,	to	clearly	differentiate	it	
from	 another	 molecule.[30]	 Thus	 the	 authors	 proposed	 to	 consider	 also	 the	 topology	 of	 the	
chemical	 compound	 rather	 than	 just	 the	order	 in	which	given	numbers	of	 specific	 atoms	are	




moiety.	 The	 final	 catenane	 was	 formed	 by	 breaking	 one	 covalent	 bond	 between	 these	 two	




Template-directed	 synthesis	 revealed	 to	be	 a	 good	 strategy	 to	 circumvent	 the	poor	 yields	of	
covalent	 strategies.[33]	 With	 this	 approach	 a	 template	 forms	 a	 complex	 with	 another	
component	 (e.g.	 macrocycle)	 through	 noncovalent	 interactions,	 Figure	 9.	 Once	 the	
supramolecular	entity	is	formed	(pseudorotaxane),	chemical	reactions	can	be	carried	out	on	the	
extremity	of	 the	"host"	molecule	 to	produce	the	 interlocked	molecule.	The	real	advantage	of	













and	 with	 a	 1,10-phenanthroline-containing	 macrocycle.	 The	 reaction	 of	 the	 1,10-
phenanthroline-based	 thread	 in	 dimethylformamide	 (DMF)	 with	 an	 ether	 compound	 and	
cesium	 carbonate	 (Cs2CO3)	 formed	 a	 metallo-catenane	 complex	 that	 after	 decomplexation	




Molecular	 imprinting	method	also	belongs	 to	 the	supramolecular	 template-directed	synthesis	
strategies	 as	 the	 targeted	 molecule	 (or	 enzyme,	 polymer,	 etc…)	 is	 used	 to	 produce	 the	
imprint.[9]	We	will	 adopt	 the	 definition	of	molecular	 imprinting	 proposed	by	Whitcombe	 and	
coworkers: "The	construction	of	ligand-selective	recognition	sites	in	synthetic	polymers	where	a	




the	 spaces	 vacated	by	 the	 templating	 species."[35-36]	 This	definition	 is	 illustrated	 in	 Figure	10.	
Different	type	of	interactions	are	involved	between	the	template	and	the	polymerizable	entity,	
it	 can	 be	 reversible	 covalent	 bonding,	 electrostatic	 interactions,	 hydrophobic,	 van	 der	Waals	
interactions	 or	 coordination	 with	 a	 metal	 centre.	 The	 next	 step	 which	 consists	 in	 the	
polymerization	 reaction	 results	 in	 the	 formation	of	 an	 insoluble	matrix	 around	 the	 template.	












two	 structural	 analogues	 when	 the	 particles	 were	 prepared	 in	 the	 presence	 of	 the	 organic	
compound.	 The	 increasing	 number	 of	 publications	 on	 molecular	 imprinting	 as	 well	 as	 the	
improvement	 in	 imprinted	 polymers	 techniques	 over	 the	 past	 years	 has	 reflected	 the	 high	
interest	 for	 this	 technology.[38]	 In	 the	 same	 way,	 Shahgaldian	 and	 coworkers,	 reported	 a	
synthetic	strategy	to	produce	an	artificial	organic-inorganic	nanoparticulate	material	possessing	
virus	 imprints	 on	 its	 surface.[39]	 The	 approach	 consisted	 in	 three	 steps:	 the	 binding	 of	 the	
template	 virus	 on	 the	 surface	 of	 silica	 nanoparticles,	 the	 incubation	 of	 the	 virus-modified	
nanoparticles	 with	 an	 organosilanes	 mixture	 to	 grow	 an	 organosilica	 recognition	 layer	 that	
would	 form	a	 replica	of	 the	virus	and	 the	 last	 step	 the	 removal	of	 the	 immobilized	virions	 to	
free	 the	 imprints,	 Figure	 11.	 They	 demonstrated	 that	 they	 could	 control	 the	 kinetic	 of	 layer	
growth	 and	 tune	 the	 affinity	 of	 the	 virus	 imprinted	material	 for	 the	 template	 by	 varying	 the	



















This	section	will	details	 the	historical	 findings	of	CDs,	 the	 industrial	production	processes,	 the	
structural	features	of	CDs	and	the	ability	of	CDs	to	form	host-guest	complexes.	 	The	synthesis	





unwanted	 elongated	 shinny	 crystals.[40]	 He	 reported	 his	 results	 to	 the	 French	 Academy	 of	
Sciences	proposing	 the	 chemical	 formula:	 “C12H10O10+3HO”	 for	 this	product.	 This	marked	 the	





a	 solution	 of	 α-dextrin	 gave	 a	 yellowish-green	 and	 β-dextrin	 a	 reddish-brown	 color.	 These	
dextrins	 are	 now	 known	 as	 α-	 and	 β-CD.	 Between	 1905	 and	 1911	 he	 gave	 the	 first	 detailed	
description	 of	 preparation,	 separation	 and	 purification	 of	 the	 two	 cellulosine	 described	
previously	by	Villiers.[18]		
From	1911	to	1935,	 the	German	chemist	Pringsheim	contributed	significantly	 to	 the	research	
on	dextrins	 and	was	 the	 first	 to	 discover	 that	 they	 can	 form	 complexes	with	 various	 organic	
compounds.[41-42]		
The	Swiss	Karrer	was	the	first	to	propose	a	cyclic	structure	for	CDs	but	it	is	only	in	1936	that	the	
German	 chemist	 Freudenberg	 started	 his	 research	 on	 the	 chemical	 structure	 of	 dextrins	 and	
demonstrated	 few	 years	 later	 that	 the	molecule	 has	 a	 cyclic	 structure	 formed	 from	maltose	
units	bound	together	via	1®4	glucosidic	linkages.[43]		
Structural	 and	 physicochemical	 characteristics	 of	 CDs	 where	 intensively	 studied	 in	 several	
publications.	French	reported	in	1942	the	molecular	weight	of	CDs	but	also	the	exact	number	of	





(original	German	 title	 “Einschlussverbindungen").[45]	More	 exhaustive	history	of	 the	discovery	
and	research	on	CDs	has	been	reported	 in	other	manuscript	and	reviews	since.[18,	 46]	Modern	











Starch	 is	 first	 liquefied;	 the	 liquid	 is	 then	 cooled	down	 to	 an	 optimum	 temperature	 to	 allow	
enzymes	 to	 begin	 the	 enzymatic	 conversion.	 The	 enzymatic	 conversion	 of	 starch	 or	 starch	
derivatives	 is	 carried	 out	 by	 CD	 glucosyl	 transferase	 enzyme	 (CGTases).[17,	 48-49]	 CGTases	 are	
produced	by	various	bacterial	species	such	as	B.	macerans	or	B.	stearothermophilus.[48,	50-51]	To	
increase	 the	 enzymatic	 conversion,	 organic	 compounds	 are	 added	 to	 cause	CD	 complexation	
and	 precipitation,	 and	 therefore	 equilibrium	 displacement.	 CDs	 are	 then	 heated	 in	 aqueous	
solution	 followed	by	 a	process	of	 distillation	and	extraction	 to	 remove	 the	organic	 additives.	
The	 mixture	 is	 then	 concentrated	 and	 treated	 with	 activated	 carbon.	 Eventually,	 CDs	 are	













groups	 are	 exposed	 and	 readily	 accessible	 at	 the	 narrow	 rim	 (the	 primary	 rim),	 and	 the	
secondary	 hydroxyl	 groups	 are	 exposed	 at	 the	wide	 rim	 (the	 secondary	 rim),	 Figure	 14.	 The	
differential	positioning	of	the	primary	and	secondary	hydroxyl	groups	represents	an	attractive	
feature	 of	 this	 class	 of	 molecules,	 as	 it	 allows	 fairly	 easy	 regio	 (rim)-selective	 chemical	
modifications	 of	 the	macrocycles.	 The	main	 structural	 characteristics	 for	 α,	 β	 and	 γ-CDs	 are	
listed	in	Table	1.	
CDs	have	relatively	high	water	solubility	values	of	142,	18.5	and	232	g	L-1	 for	α,	β	and	γ-CDs,	
respectively	 at	 25°C.	 The	 relatively	 lower	 solubility	 of	 the	 β-derivative	 is	 explained	 by	 the	
geometry	of	the	macrocycle,	which	favors	the	formation	of	a	set	of	hydrogen	bonds	linking	the	















Cyclodextrin		 α	 β	 γ	
Glucose	monomers	 6	 7	 8	
Molecular	weight	 972	 1135	 1297	
Height	of	torus,	Å	 7.9	 7.9	 7.9	
Internal	cavity	volume,	Å3	 174	 262	 427	
Internal	cavity	diameter,	Å	 4.7-5.3	 6.0-6.5	 8	
Diameter	of	outer	periphery,	Å	 14.6	 15.4	 17.5	
[α]D	25°C	 150	 162	 177	
Water	solubility	(g/L:	25°	C)	 142	 18.5	 232	









Water	molecules	occupy	 the	cavity	of	 the	CDs	under	aqueous	conditions,	but	as	 the	cavity	 is	
hydrophobic	 the	 presence	 in	 solution	 of	 a	 guest	 molecule	 with	 poor	 polarity	 yields	 the	
formation	 of	 an	 inclusion	 complex,	 wherein	 the	 guest	 molecule	 replaces	 the	 bound	 water	
molecules	with	 the	proviso	 that	 the	 geometry	 of	 the	 guest	molecule	 is	 compatible	with	 the	
internal	 space	 of	 the	 host	 CD.	 Even	 though	 single	 crystal	 X-ray	 crystallography	 remains	 the	
method	of	choice	in	the	study	of	CD	inclusion	compounds,[61]	2-dimensional	NMR	spectroscopy	
represents	a	good	alternative	for	the	study	of	inclusion	complex	formation	in	solution.[62-63]	The	
presence	 of	 a	 guest	molecule	 inside	 the	 cavity	 induces	 changes	 in	 the	 spectral	 properties	 of	
both	the	host	and	the	guest,	allowing	a	structural	characterization	of	the	complex.	A	number	of	
additional	characterization	techniques	have	been	applied	to	study	the	formation	of	complexes.	
These	 include	 thermogravimetric	 methods,	 polarimetry	 and	 infrared,	 fluorescence	 and	 UV-
visible	spectroscopy.[64]	
Because	 of	 their	 ability	 to	 form	 inclusion	 complexes	 with	 hydrophobic	 compounds	 to	 yield	













the	 introduction	of	 chemical	 reactive	 functionalities	 on	 the	macrocycle	 followed	 then	by	 the	
polymerization	reaction.	Highly	cross-linked	CDPs	can	be	produced	in	the	form	of	hydrogels	or	
micro-	and	nanoparticles.[67]	




Polymers	 with	 pendant	 CD	 units	 are	 produced	 either	 exploiting	 CDs	 possessing	 only	 one	
polymerizable	functionality	(typically	with	an	additional	co-monomer	spacer)	or	by	grafting	CDs	
onto	a	preformed	polymer	backbone.[70]	
Supramolecular	 CDPs	 and	materials	 are	 produced	 using	 the	 inclusion	 properties	 of	 CDs.	 For	






tested	 for	 their	 ability	 to	 bind	 a	 series	 of	 small	 organic	 and	 inorganic	 molecules	 (e.g.,	









group	 react	 with	 EPI	 via	 a	 nucleophilic	 substitution	 to	 form	 the	 epoxide	 derivative.	 In	 turn,	
another	CD	open	the	epoxide	via	a	regioselective	attack	to	give	the	cross	linked	product.	It	was	













CDPs	produced	has	 revealed	 that	 the	nature	of	 the	 cross-linker	 has	 a	 great	 influence	on	 the	
affinity	of	the	CDPs	for	a	series	of	target	pharmaceuticals.	The	authors	also	demonstrated	that	
the	 synthesis	 of	 the	 selected	 polymers	 can	 be	 scaled	 up	 without	 significantly	 changing	 the	
binding	capabilities	of	the	produced	CDPs.[75-76]	
Besides	 the	 above-mentioned	 methods,	 highly	 cross-linked	 CDPs	 have	 also	 been	 produced	
using	modified	 CDs,	which	 bear	 polymerizable	 functionalities.	 For	 example,	 acryloyl-modified	
CDs	 can	 be	 efficiently	 produced	 by	 reacting	 native	 CDs	 with	 acryloyl	 chloride,[77]	 Figure	 18.	
However,	 this	 reaction	 is	not	rim-selective	as	both	primary	and	secondary	hydroxyl	groups	of	
CDs	can	 react	with	 the	highly	 reactive	acryloyl	 chloride,	affording	 the	acryloyl-CD	monomers.	
The	 resulting	 product	 typically	 consists	 of	 a	 mixture	 of	 CDs	 with	 different	 degrees	 of	
substitution	 that	 can	 be	 controlled	 by	 changing	 the	 coupling	 reaction	 conditions.	 These	
acryloyl-esters	 can	 be	 used	 to	 produce	 CDPs	 with	 or	 without	 additional	 monomers.	 For	
instance,	Shahgaldian	and	coworkers	produced	a	series	of	CDPs,	using	acryloyl-CDs	with	a	series	
of	 cross-linkers	 and	 co-monomers,	 by	 means	 of	 photopolymerization	 reactions.[78]	 They	




A	number	of	highly	 cross-linked	CDPs	have	been	 shown	 to	 form	gels.	CDP-based	gel	 systems	
were	 used	 by	 Harada	 to	 demonstrate	 macroscopic	 self-assembly	 through	 molecular	
recognition.[67]	To	that	end,	a	series	of	acrylamide	gels	were	produced,	containing	either	α-	or	









The	 study	 of	 Harada	 certainly	 represents	 one	 of	 the	 first	 studies	 showing	 that	 recognition	






As	previously	mentioned,	 due	 to	 their	 ability	 to	 form	 supramolecular	 inclusion	 complexes,[79]	




formulations	 to	 dissolve	 small	 organic	 drugs	 efficiently.[74]	 For	 example,	 Mura	 et	 al.	
demonstrated	 that	 EPI-cross-linked	 CDPs	 can	 be	 loaded	 with	 naproxen,	 a	 nonsteroidal	 anti-
inflammatory	drug,	rendering	it	capable	of	exceeding	its	former	maximum	aqueous	solubility	by	
30-fold.[80]	 Similarly,	 Rodriguez-Tenreiro	 et	 al.	 showed	 a	 500-fold	 increase	 in	 solubility	 of	
estradiol,	a	poorly	water-soluble	steroid	hormone,	when	the	cross-linked	CDP	was	added	to	the	
solution.[81]	 Cheng	 et	 al.	 produced	 a	 high	 molecular	 weight	 linear	 copolymer	 of	 a	
diaminocarboxy-derivative	of	β-CD	condensed	with	di-functionalized	PEG	co-monomers.[82]	This	














food-contaminating	mycotoxin	 produced	 by	Aspergillus	 ochraceus,	Aspergillus	 carbonarius	 or	





(2-pyridylazo)-2-naphthol	 was	 applied	 in	 the	 determination	 of	 cobalt	 content	 in	 food	 by	 a	
direct,	polymer	phase	spectrophotometry	method.		
A	significant	number	of	applications	of	EPI-based	CDs	as	sorbent	materials	have	been	reported	
and	 reviewed	 recently.[88]	 They	 have	 been	 studied	 for	 their	 ability	 to	 bind	 targets	 such	 as	
nonylphenol	 ethoxylate,[89]	 naphthenic	 acids,[90]	 cinnamaldehyde,[91]	 benzaldehyde,[91]	
aniline,[92]	 fuchsine,[93]	 phenol,[94]	 	 and	 naphthalene.[95]	 For	 example,	 Orpecio	 et	 al.	
demonstrated	 that	 cross-linked	 CDP	 beads,	 packed	 in	 a	 column,	 were	 able	 to	 trap	 organic	
compounds	 in	flowing	water	for	remediation	purposes.	Considerable	trapping	of	naphthalene	
and	2-naphthol	has	been	achieved.	Moon	et	al.	showed	that	the	process	of	extracting	steroids	
was	 more	 efficient	 with	 CDPs	 than	 with	 commercial	 CD-based	 cartridges.[96]	 The	 new,	 solid	
phase	extraction	sorbent	resulted	 in	 improved	selectivity	and	better	extraction	efficiency	due	
to	 the	 chemical	 interactions	 brought	 by	 the	 cross-linked	 network	 of	 CDPs.	 In	 another	 work,	









Molecular	 self-assembly	 strategies	 have	 been	used	 to	 construct	 1D	 supramolecular	 structure	
like	 nanofibers,	 nanotubes	 or	 nanorods.	 Although	 chemists	 can	 exploit	 a	 variety	 of	 non-




Consequently,	 π-π	 stacking	 has	 been	 largely	 exploited	 to	 produce	 1D	organic	 nanostructures	
such	 as	 nanowires,[99]	 nanotubes	 or	 nanorods.[100-102]	 Porphyrins	 and	pyrene	derivatives	 have	
attracted	 substantial	 interest	 as	 building	 blocks	 capable	 of	 self-assembling	 through	 π-π	
stacking.[103-107]	 For	 instance,	 Meijer	 and	 coworkers	 introduced	 a	 zinc-porphyrin-based	
supramolecular	polymer	that	self-assemble	into	1D	supramolecular	aggregates	with	porphyrin	
units	 organized	 in	 a	 helical	 fashion.[108]	 Atomic-force	 microscopy	 (AFM)	 studies	 showed	
micrometer-long	curled	fribrillar	nanostructures	with	typical	height	of	3	nm,	while	in	solution,	
static	 and	 multi	 angle	 dynamic	 light	 scattering	 measurements	 indicated	 rod-like	 aggregates.	
Upon	 addition	 of	 pyridine,	 the	 aggregates	 disassemble	 to	 monomeric	 units	 because	 of	 the	

















to	 stabilize	 the	 stacking	 of	 about	 160	 triarylamine	 units	 along	 the	 self-assembled	 wires.	 In	
addition	 to	 the	 charge-transfer	 phenomena	 responsible	 of	 the	 self-assembly	 of	 the	









as	 their	 remarkable	 optical	 and	 electronic	 properties	 render	 these	 chromophores	 ideal	
candidates	 for	 several	 applications	 where	 control	 of	 molecular	 assembly	 into	 a	 defined	
structure	is	of	high	importance.	Gao	and	coworkers	reported		the	first	discovery	of	protrusion	
of	 nanotubes	 from	 microcapsules	 of	 poly(allylamine	 hydrochloride)-graft-pyrene	 (PAH-graft-
pyrene)	in	solution.[110]	The	microcapsules	were	produced	by	the	following	process:	first	CaCO3	










When	 the	 microcapsules	 were	 incubated	 in	 HCl	 solution,	 protrusion	 of	 1D	 nanotubes	 were	
observed.	The	nanotubes	kept	growing	with	 incubation	until	eventually	only	nanotubes	were	
visible,	 Figure	 24.	 The	 final	 nanotubes	 were	 composed	 of	 Py-CHO	 only	 but	 not	 PAH-Py,	
suggesting	that	assembly	of	Py-CHO	were	forming	the	nanotubes	through	π-π	interactions.	The	








Another	 example	 of	 use	 of	 pyrene	 derivatives	 and	 π-π	 interactions	 for	 the	 formation	 of	 1D	









They	 worked	 independently	 and	 observed	 the	 uncommon	 behaviour	 of	 pseudoisocyanine	
chloride	 (PIC	 chloride)	 in	 aqueous	 solutions.	 In	 contrary	 to	 other	 solvent	 like	 ethanol,	 the	
absorption	 maximum	 of	 PIC	 chloride	 was	 shifted	 to	 a	 longer	 wavelength	 (solvatochromism	
effect)	 and	upon	 increasing	 the	 concentration	of	 the	dye	 in	 aqueous	 solution	 the	absorption	











The	 structure	 of	 J-aggregate	 is	 characterized	 by	 a	 slipped	 face-to-face	 packing	 arrangement	
where	the	monomers	are	interacting	through	π-π	interaction	with	an	angle	θ	<	54.7°,	Figure	26.	








and	 pyrene	 or	 porphyrin	 derivatives,[113]	 had	 been	 the	 subject	 of	 studies	 to	 apprehend	 J-
aggregates	formation	and	structure.	For	instance,	Würthner	et	al.	showed	that	PBI	derivatives	
with	 amide	 functionalities,	 and	 with	 trialkoxyphenyl	 groups	 at	 the	 imide	 positions,	 formed	
aggregates	 that	 exhibit	 either	 H-	 or	 J-type	 absorption	 spectra	 depending	 on	 the	 peripheral	
alkoxy	 chains.	 The	 PBIs	 could	 formed	 long	 fibers	 through	 hydrogen-bond-assisted	 self-
assembly.	One	type	of	the	PBI	derivative	with		simple	n-alkyl	chains	at	the	periphery	formed	H-
aggregates,	while	 the	other	PBI	dye	bearing	chiral,	branched	alkyl	 chains	exhibited	a	strongly	
bathochromically	 shifted	 broad	 J-band	 in	 solution.[114]	 The	 same	 group	 then	 investigated	 a	
broad	series	of	PBIs	with	different	alkyl	chains	at	the	periphery	and	demonstrated	that	sublte	
























emerged	 and	 illustrated	 the	 intense	 interest	 and	 need	 for	 such	 material.	 According	 to	 the	
definition	given	by	the	international	union	of	pure	and	applied	chemistry,	a	porous	material	can	
be	 categorized	 into	 three	 classes	 based	 on	 their	 pore	 diameter:	 microporous	 (<	 2	 nm);	
mesoporous	 (2-50	 nm)	 and	 macroporous	 (>	 50	 nm).[120]	 Herein,	 we	 will	 focus	 mainly	 on	
mesoporous	materials	and	their	templated	preparation	methods.		
The	main	advantage	of	using	template-based	strategies	lies	in	the	control	of	the	(pore)	size	and	





In	 soft-templating	 approaches,	 the	 formation	 of	micelles	with	 amphiphilic	molecules	 creates	




























of	 the	 organic	 template.	 The	 interactions	 between	 the	 framework	 and	 the	 surfactants	 are	




















































are	 currently	 an	 intensive	 area	 of	 research.	 An	 upsurge	 of	 interest	 for	 the	 porous	 material	
started	 in	 1992	when	 the	 synthesis	 of	mesoporous	 silica	 particles	 known	 as	M41S	material,	






50	 materials	 are	 some	 of	 the	 most	 studied.[124]	 Each	 of	 these	 silica	 mesoporous	 material	










Two	 mechanisms	 have	 been	 reported	 for	 the	 formation	 process	 of	 the	 composite	 material	
(silica	 +	 template),	 Figure	 30.	 One	 involves	 a	 true	 liquid	 crystal	 templating,	 in	 that	 case	 the	
concentration	 of	 surfactant	 is	 high	 enough	 to	 form,	 under	 the	 prevailing	 conditions	 of	
temperature	 and	 pH,	 a	 lyotropic	 liquid	 phase	 without	 the	 requirement	 of	 the	 inorganic	
precursor	framework	(e.g.	 tetraethyl	orthosilicate).	The	other	pathway	involves	the	formation	
of	 a	 liquid-crystal	 phase	 at	 lower	 concentration	 of	 surfactant	 and	 in	 the	 presence	 of	 the	
inorganic	precursors.	The	cooperative	self-assembly	of	the	structure	directing	agent	(SDA)	and	










A	 prerequisite	 for	 the	 viability	 of	 the	 method	 is	 that	 the	 template	 presents	 characteristic	
chemical	functions	to	create	with	the	silica	precursor	attractive	interactions	to	ensure	that	no	
phase	separation	occurs.	Different	 interactions	can	take	place	between	the	polar	head	of	 the	





















On	 the	 contrary,	 when	 negatively	 charged	 surfactants	 are	 used	 as	 SDA	 in	 basic	 conditions,	
positively	 charged	 mediators	 ion	 M+	 interact	 with	 the	 negatively	 charged	 surfactants	 and	
ensure	thus	interactions	with	the	negatively	charged	silica	species,	(c).	
The	 authors	 showed	 that	 changes	 in	 the	 pH	 to	 adjust	 the	 charge	 density	 of	 different	 oxide	
species	affect	directly	the	final	structure	of	the	mesoporous	material.	Nonetheless,	they	did	not	










One	of	 the	 first	work	carried	out	on	the	 functionalization	of	 the	pore	entrances	was	done	by	
Fujiwara	 and	 coworkers.[126]	 Successful	 functionalization	 required	 uncalcined	 mesoporous	
particles	 with	 pores	 still	 filled	 with	 the	 surfactant	 molecules	 to	 ensure	 that	 the	 reactive	
molecules	react	preferentially	at	the	pore	outlets	rather	than	inside	of	the	pores.	To	create	an	





pore	 entrances	 obstructing	 the	 access	 to	 the	 pores.	 Subsequently,	 SDAs	 were	 removed	 by	
extraction	leaving	the	pores	empty.	The	authors	proposed	to	use	mesoporous	silica	particles	as	










gate.	 Fujiwara	 and	 coworkers	 used	 this	 strategy	 to	 prepare	 functionalized	mesoporous	 silica	
particles	 able	 to	 control	 a	 catalytic	 reaction:	 the	 dimerization	 reaction	 of	 α-methylstyrene	
(AMS),	 Figure	 32.[127]	 The	 authors	 loaded	 first	 the	 silica	 particles	 with	 aluminium	
acetylacetonate	 which	 was	 reported	 to	 be	 a	 catalyst	 of	 AMS	 dimerization.	 The	 second	 step	
consisted	 in	 the	 reaction	 of	 6-hydroxy-2-naphthyldisulfide	 with	 3-(triethoxysilyl)propyl	
isocyanate.	 The	 product	 of	 this	 reaction	 was	 grafted	 on	 the	 aluminium-loaded	 mesoporous	
silica.	The	disilane-disulfide	substituent	was	cleaved	with	reducing	agents	and	reformed	using	







of	drug	delivery	 system.	Kim	and	coworkers	 functionalized	 the	pore	entrance	of	mesoporous	
particles	 with	 bulky	 CD	 molecules	 through	 a	 photocleavable	 o-nitroester	 bond,	 which	 upon	
irradiation	 at	 350	 nm,	 released	 a	 pre-loaded	 molecule.[128]	 Lin	 et	 al.	 produced	 mesoporous	
particles	 linked	 through	 an	 o-nitroester	 linker	 to	 gold	 nanoparticles.	 An	 anti-cancer	 drug	
(paclitaxel)	was	first	loaded	into	the	mesoporous	particles	and	after	functionalization	with	the	
gold	 nanoparticles,	 the	mesoporous	 particles	were	 administered	 to	 liver	 and	 fibroblast	 cells.		









employed	 for	 the	 control	 of	 the	 gates	 implying	 ultrasound	 irradiation,[130]	 redox	 reaction,[131]	














ince	 the	 advent	 of	 supramolecular	 chemistry,	 chemists	 have	 devoted	 strong	 effort	 in	
molecular	engineering	and	 supramolecular	design	 to	produce	novel	nanostructures	 in	
order	to	respond	to	new	needs.		
CDPs	have	been	the	subject	of	a	significant	number	of	applications	as	sorbent	materials.	They	
have	 been	 intensively	 studied	 for	 their	 ability	 to	 bind	 molecules	 such	 as	 naphthenic	 acids,	
cinnamaldehyde	or	aniline	and	have	been	also	used	to	trap	organic	compounds	for	remediation	
purposes.	Other	CDPs	were	produced	 for	 the	 capture	of	metals	 in	water.	A	number	of	 CDPs	
have	been	developed	to	extract	compounds	from	different	media	but	very	few	were	designed	
to	 target	 specific	 compounds	 from	 complex	matrices.	On	 the	 other	 side,	OMW	 represents	 a	











molecules	 is	 due	 to	 the	 rigid	 and	 planar	 geometry	 of	 π-conjugated	 molecules	 and	 their	
adjustable	 substituents.	 These	 features	 provide	 π-conjugated	 chromophores	 geometrical	
predisposition	 to	 form	 well-defined	 1D	 structures,	 which	 are	 driven	 by	 the	 synergistic	
contribution	 of	 π–π	 stacking	 and	 other	 non-covalent	 interactions,	 such	 as	 hydrogen	 bonds,	
electrostatic	 and	 hydrophobic	 interactions.	 The	 versatility	 of	 functionalization	 of	 these	 1D	
structures	 bestow	 scientists	 with	 promising	 advanced	 soft	 materials	 with	 opportunities	 in	











Water	 contamination	 by	 oil	 spill	 is	 a	 major	 global	 problem	 and	 several	 approaches	 for	 the	
degradation	 of	 oil	 spills	 are	 available	 but	 stay	 fairly	 limited	 in	 efficiency.	 Among	 them,	
biostimulation	has	emerged	as	one	of	the	most	promising	treatment	for	oil	spill.		
Biostimulation	 consists	 in	 the	 assistance	 of	 bacteria	 in	 the	 degradation	 of	 hydrocarbons	




system	would	 be	 able	 then	 to	 target	 specifically	 the	 oil	 phase	 and	 avoid	 any	 dilution	 of	 the	
needed	nutrients	into	the	sea,	which	should	lead	to	a	higher	performance	of	the	bacteria.		
In	 conclusion	 three	 main	 problems	 are	 addressed.	 First,	 the	 phytotoxicity	 of	 polyphenolic	
compounds	in	non-treated	OMW.	Secondly,	the	challenging	design	of	novel	nanostructure	for	
the	 potential	 application	 in	 optoelectronic.	 Thirdly,	 the	 lack	 of	 specificity	 and	 efficiency	 of	
biostimulation	methods.	 Through	 this	 thesis	 we	 aim	 thus	 to	 design	 novel	 nanostructures	 to	
address	environmental	issues	through	the	design	of	CD-based	polymeric	materials.	We	aim	to	































sorption	 materials	 specific	 to	 a	 molecular	 target	 and	 able	 to	 operate	 in	 complex	 matrices.	
Nonetheless,	 supramolecular	 materials	 thanks	 to	 their	 efficient	 molecular	 recognition	
properties,	may	find	a	wealth	of	new	applications	for	the	selective	removal	of	valuable	target	
from	 industrial	 streams.	 Among	 different	 possible	 applications,	 the	 use	 of	 CDPs	 to	 extract	
phenolic	 compounds	 from	 OMW	 represents	 a	 great	 alternative	 to	 conventional	 methods	 as	
membrane	 processes	 and	 liquid-liquid	 extraction.[134]	 Indeed,	 the	 large	 amount	 of	 OMW	
produced	 by	 the	 olive	 oil	 industry	 represents	more	 than	 30	million	m3	 per	 year,[135]	 a	 large	
number	that	hides	a	huge	threat	for	the	environment.	These	wastewaters	contain	high	loads	of	
phenolic	 compounds	 known	 to	 possess	 phytotoxic	 activities.[136]	 The	 disposal	 of	 these	
wastewaters	without	 any	 treatment	 into	 the	environment	 represents	 a	 risk	 for	 the	 flora	 and	
consequently	 for	 the	fauna	as	well.	Beyond	this	hazard,	phenolic	compounds	are	also	natural	
antioxidants	which	properties	 can	be	exploited	 for	 several	 applications	 as	 food	and	 cosmetic	
formulations	 or	 for	 therapeutic	 applications.[134]	 In	 this	 respect,	 the	 extraction	 of	 such	
molecules	 serves	 two	 different	 purposes:	 wastewater	 decontamination	 and	 the	 recovery	 of	
value-added	molecules.	None	of	 the	technologies	 to	recover	phenolic	compounds	have	really	
stepped	out	of	the	crowd	to	become	the	standard	procedure.	There	is	then	a	real	opportunity	
to	 find	 alternative	 and	 efficient	 ways	 to	 valorise	 phenolic	 compounds	 from	 OMW.	 CDPs	 as	
sorbent	material	could	be	a	promising	tool	for	the	recovery	of	phenolic	compounds	as	it	can	be	
tuned	 to	 presents	 particular	 features	 and	 interactions	 that	 permit	 to	 target	 specific	 phenolic	
compounds.	
1.2 CDP	synthesis	
We	 developed	 in	 our	 group	 synthetic	 methods	 that	 allow	 producing	 and	 testing	 molecular	
recognition	 properties	 of	 CDPs.[76,	 78]	 The	 high	 throughput	 method	 allowed	 testing	 a	 large	





by	 the	 selection	of	additional	monomers	used	 for	 their	 synthesis.[137]	Based	on	 this	approach	
we	 produced	 six	 different	 CD-based	 polyurethanes	 to	 be	 used	 for	 the	 specific	 extraction	 of	






In	 addition	 of	 β-CD,	 two	 monomers	 were	 used:	 1,4-phenylene	 diisocyanate	 (PDI)	 and	
hexamethylene	diisocyanate	(HDI).	PDI	monomers	contain	an	aromatic	ring	and	are	susceptible	
to	interact	with	the	phenolic	compounds	through	π-π	stacking.	HDI	monomers	are	made	of	an	
aliphatic	 chain	 that	 is	expected	 to	give	more	 flexibility	 to	 the	polymeric	 system	but	does	not	
interact	through	π-π	interactions	with	the	phenolic	compounds.	Four	cross-linkers	were	used:	






DHTA	 both	 contain	 an	 aromatic	 ring,	 DHBA	 has	 also	 a	 carboxylic	 acid	 group	 and	 DHTA	 two	
carboxylic	groups	in	positions	2	and	5.	These	two	cross-linkers	are	expected	to	interact	with	the	
phenolic	 compounds	 through	 π-π	 stacking	 as	 PDI	monomer.	 DHNA	 is	made	 of	 two	 aromatic	
rings,	 and	 has	 been	 selected	 to	 assess	 the	 role	 of	 aromatic	 rings	 in	 the	 complexation	 with	
phenolic	 compounds.	DMPA	 is	 the	only	 cross	 linker	with	no	aromatic	 ring	but	one	carboxylic	
acid	function	that	should	gave	hint	on	the	potential	role	of	hydrogen	interactions	and	possible	
charge	effect	but	also	 indirectly	on	 the	 role	of	aromatic	 ring.	Hydroxyl	groups	present	on	CD	
and	cross-linkers	are	reactive	groups	that	are	potentially	reacting	with	the	urethane	functions.	







CDP	71	 PDI	 48	 7.69	



























through	 an	 exchange/insertion	mechanism	 and	 is	 divided	 into	 three	 steps.[138]	 The	 first	 one	
















To	 assess	 the	 polymerization	 efficiency,	 Fourier	 transform	 infra-red	 (FTIR)	 spectroscopy	











In	 order	 to	 increase	 the	 surface	 ratio	 of	 the	 CDPs	 and	 thus	 increase	 their	 efficiency	 to	
extract	phenolic	compounds	but	also	to	allow	the	recovery	and	the	recycling	of	the	polymer	
with	an	alternative	method	 (other	 than	 the	bed	reactor	method	exposed	 in	 the	 following	













37.	The	partial	positive	 charges	brought	by	 the	amino	groups	 led	 to	an	 increase	of	 the	 ζ-
potential	 from	-5.2	mV	to	14	mV.	The	 iron	oxide-doped	CDPs	produced	were	 investigated	
by	 scanning	 electron	 microscopy	 (SEM).	 Among	 the	 four	 compositions	 tested	 only	 one	
polymerization	successfully	led	to	CDP	spherical	magnetic	particles	ranging	from	100	nm	to	
1	 µm	 (CDP	 89).	 FTIR	 spectroscopic	 analyses	 also	 confirmed	 the	 effective	 polymerization	















commonly	 found	 in	OMW,	 namely	 syringic	 acid,	p-coumaric	 acid,	 TY	 and	 caffeic	 acid.	 In	 this	
study,	four	different	water-insoluble	polymers	were	tested	(CDP	71,	74,	76	and	CDP	89).	Each	
polymer	was	prepared	with	a	different	monomer	composition	in	order	to	evaluate	their	binding	

















74),	 that	 induces	 π-π	 interactions	 with	 the	 phenolic	 compounds.	 CDP	 76,	 because	 of	 the	
additional	 use	 of	 the	 DHBA	 cross-linker,	was	 the	 least	 efficient	 of	 those	 polymers	 to	 adsorb	
phenolic	 compounds.	 In	 that	 case,	 electrostatic	 repulsion	 occurring	 between	 the	 negatively	





of	 the	 carboxylic	 acids	 of	 DHBA	 monomers	 (pKa	 2.93)	 were	 deprotonated.	 The	 phenolic	
compounds	syringic	acid,	p-coumaric	acid	and	caffeic	acid	have	respectively	the	following	pKa:	
3.86,	4.64,	and	4.37.[139-141]	The	deprotonated	state	of	these	phenolic	compounds	may	lead	to	
electrostatic	 repulsions	 with	 the	 negatively	 charged	 polymer.	 Oppositely,	 the	 chemical	
structure	of	TY	does	not	contain	carboxylic	function	or	negative	charges;	 it	was	therefore	not	
affected	 by	 the	 presence	 of	 other	 carboxylic	 functions	within	 the	 polymer	 and	 remains	well	
adsorb	 by	 all	 the	 CDPs.	 CDP	 87	 was	 produced	 with	 DMPA	 cross-linker,	 although	 it	 bears	 a	
carboxylic	 group	 (pKa	 4.64)	 its	 pKa	 is	 higher	 than	 DHBA	 (pKa	 2.93)	 used	 for	 CDP	 76.	 Same	








The	 polymers	 were	 dispersed	 in	 a	 solution	 of	 OMW	 for	 2h	 at	 25°C.	 Suspensions	 were	 then	
centrifuged	 and	 supernatants	 recovered	 and	 analysed	 by	 high	 performance-liquid	













Integration	 and	 comparison	of	 the	peaks	before	 and	after	 adsorption	 allowed	evaluating	 the	
binding	capacity	of	the	CDPs.	Among	the	CDPs	tested,	CDP	71	showed	a	binding	profile	with	a	
high	 adsorption	 capacity	 where	 more	 than	 70%	 of	 the	 labelled	 phenolic	 compounds	 were	
bound	to	the	polymer	with	a	maximum	of	83%	for	compound	B.		
Both	binding	profiles	of	CDP	74	and	CDP	76	showed	adsorption	of	more	than	60%	for	A	and	D.	





compounds	 was	 evaluated	 through	 the	 use	 of	 a	 CDP-packed	 column	 and	 desorption	 was	
performed	 with	 organic	 and	 non-organic	 solvents:	 ethanol,	 methanol,	 ethyl	 acetate,	 water,	
acidic	 (pH	 2)	 and	 basic	 (pH	 12)	 aqueous	 solutions,	 and	 methanol/water	 mixture.	 Relevant	
results	were	obtained	with	a	mixture	water/methanol	on	CDP	71,	Figure	41.	The	CDP	packed	










40%	 of	 compounds	 C	 and	 E,	 30%	 of	 compounds	 A	 and	 D,	 and	 25%	 of	 compound	 B	 were	
desorbed	 with	 100%	 water	 for	 the	 first	 fraction.	 For	 the	 second	 fraction,	 the	 desorption	
percentage	 decreased	 for	 each	 compounds.	 This	 decrease	 was	 expected	 because	 the	
concentration	of	phenolic	compounds	contained	into	the	CDP	is	decreasing	over	the	fractions.	
However,	 an	 increase	 for	 compound	 D	 for	 the	 third	 fraction,	 precisely	 for	 a	 ratio	 40/60	
















𝑬𝒓𝒂𝒕𝒊𝒐 = (𝑨 𝑷 /𝑨 𝒕𝒐𝒕𝒂𝒍 )𝒇(𝑨 𝑷 /𝑨 𝒕𝒐𝒕𝒂𝒍 )𝒊 	














Additional	 ion	 trap	 mass	 spectroscopy	 analyses	 were	 carried	 out	 on	 compound	 D	 that	 was	























In	 Figure	 45,	 linear	 Freundlich	 isotherms	 are	 presented.	 The	 affinity	 of	 the	 CDPs	 for	 TY	was	
expected	 to	 depend	 only	 on	 the	 presence	 of	 π-π	 interactions.	 The	 isotherms	 confirmed	 the	






CDP	 71	 74	 76	 78	 87	
R2	 0.972	 0.993	 0.9867	 0.979	 0.991	
KF	 0.069	 0.022	 0.086	 0.059	 0.012	
1/n	 0.952	 0.968	 0.902	 1.001	 1.032	
	
The	Freundlich	constant	KF	was	the	lowest	for	CDP	87	and	the	highest	KF	values	was	obtained	


















CDP	 71	 76	 78	
R2	 0.988	 0.988	 0.952	
KF	 0.043	 0.008	 3.38x10-9	









was	 determined	by	HPLC	 and	 the	 amount	 of	 TY	 and	HT	 adsorbed	 in	 the	CDP	was	 calculated	














In	 order	 to	 perform	 the	 specific	 extraction	 of	 the	 phenolic	 compounds	 at	 a	 larger	 scale	 and	
assess	if	the	method	could	be	viable	for	industrial	purpose	a	pilot	plant	has	been	built,	Figure	
48.	A	process	flow	diagram	of	the	pilot	plant	is	shown	in	Figure	81	(Annex).	The	pilot	plant	was	
equipped	 with	 reactors	 filled	 with	 the	 CDP.	 A	 scale	 up	 of	 CDP	 71	 to	 several	 kilograms	 was	
achieved.	Several	issues	concerning	the	scale	up	of	the	synthesis	of	CDP	71	were	addressed	as	
the	 toxicity	 of	 dimethylformamide	 and	 its	 high	 boiling	 point,	 the	 long	 reaction	 time	 and	 the	

























Breakthrough	 tests	 were	 realised	 to	 assess	 the	 adsorption	 process	 using	 the	 chemical	
processing	system,	Figure	51.	To	avoid	a	significant	pressure	increase	in	the	adsorption	column	



























CDP	 is	 detected	 after	 25	minutes.	 These	 results	 also	 confirmed	 the	 results	 previously	 found	
with	the	isotherms	showing	the	higher	adsorption	of	TY	by	the	CDP.		













Experiments	 were	 performed	 and	 evaluated	 through	 HPLC	 to	 increase	 the	 purity	 of	 the	





















compounds	 were	 analysed,	 the	 average	 values	 is	 reported	 in	 Table	 6.	 The	 results	 clearly	
indicated	 a	 decrease	 of	 COD	between	 the	 non-treated	OMW	and	 the	 treated	 one.	 The	 total	








Raw	OMW	 22.0	 1.39	 20.61	
Desorbed	sample	from	CDP	 4.67	 0.18	 4.49	
	
1.10 Conclusion	




point	 out	 the	 central	 role	 of	 π-π	 and	 electrostatic	 interactions.	 CDP	 71,	 produced	 with	 PDI	
monomer	was	demonstrated	 to	bind	 significantly	 the	 targeted	phenolic	 compounds	 and	was	
shown	to	be	the	best	CDP	for	the	selective	recovery	of	TY	and	HT	from	OMW.		
CDPs	 were	 also	 produced	 as	 magnetic	 nanoparticles	 polymer	 through	 the	 amine-















if	 the	 recovery	of	 these	 two	phenolic	 compounds	 could	be	 achievable	 at	 higher	 scale	 a	 pilot	
plant	was	built.	Equipped	with	two	reactors,	the	latter	was	loaded	with	the	produced	CDP.	The	
synthesis	 of	 CDP	 71	 was	 optimized	 for	 industrial	 scale	 using	 a	 solvent	 of	 low	 toxicity	 and	
reducing	quantities	of	solvents	and	catalyst.		
The	 good	 packing	 of	 the	 CDP	 in	 the	 reactor	was	 assessed	 through	 fluidynamic	 test	where	 a	
saline	solution	was	passed	 through	 the	 reactor	and	conductivity	was	measured	at	 the	outlet.	
The	sigmoidal	curve	confirmed	the	good	quality	of	the	packed	bed	reactor.		
Breakthrough	 experiments	 were	 carried	 out	 on	 the	 pilot	 plant	 and	 adsorption	 profiles	
confirmed	the	higher	adsorption	of	TY	over	HT.	A	method	was	developed	with	the	pilot	plant	
and	a	protocol	established	to	extract	the	targeted	phenolic	compounds.	The	pilot	plant	reactor	
offered	 a	 good	 adsorption	 performance	 and	 the	 use	 of	 a	 solvent	 gradient	 for	 desorption	
appeared	to	be	an	efficient	method	for	increasing	TY	and	HT	purity	in	the	recovered	fractions.	
TY	content	was	raised	to	61%	after	recovery	when	it	was	only	14.1%	in	the	OMW	sample.	








In	 this	 section,	 will	 be	 discussed	 the	 supramolecular	 hierarchical	 self-assembly	 of	 a	 pyrene	
derivative	 into	nanorods.	We	produced	nanorods	 in	a	bottom-up	approach	 in	which	a	pyrene	




One	 of	 the	 remaining	 challenges	 of	 supramolecular	 chemistry	 is	 the	 design	 of	 large	 self-
assembled	 and	 functional	 materials	 at	 the	 nanoscale,	 with	 accurate	 3D	 control	 over	 the	
positioning	 of	 the	 constitutive	 building	 blocks.[144-146]	 The	 ambition	 to	 accurately	 predict	 the	
resulting	 assembly	 has	 driven	 scientists	 to	 design	 building	 blocks	 with	 chemical	 groups	 or	
entities	 with	 predictive	 interactions	 or	 behaviour	 in	 different	 environments.	 With	 the	 same	
approach,	a	new	pyrene	derivative,	1,	was	designed	so	as	to	possess	the	following	features:	i)	
ability	 to	 form	 intermolecular	π-π	stacking	 interactions,	 ii)	 complementary	H-bond	donor	and	
acceptor	group	(i.e.	amide)	that	provides	additional	control	over	the	self-assembly	process,	and	






core:	 pyrene	 butyric	 acid	 (PBA).	 Synthesis	 of	1	 was	 carried	 out	 by	 activating	 PBA	with	 N,N'-
dicyclohexylcarbodiimide	 (DCC)	 first	 and	 further	 reacted	 with	 APTES	 in	 dichloromethane	 at	






Taking	 advantage	 of	 the	 characteristic	 chromogenic	 properties	 of	 1,	 UV-Vis	 absorption	
spectroscopy	 was	 used	 to	 assess	 the	 self-assembly	 process.	 When	 the	 spectrum	 of	 1	 was	
recorded	 in	 ethanol,	 the	 analysis	 revealed	 well-resolved	 vibronic	 bands	 in	 the	 250-370	 nm	










was	 also	 observed.	 These	 observations	 are	 an	 evidence	 of	 the	 self-assembly	 process	 of	 1	 in	
aqueous	medium,	Table	11(Annex).[105,	147]		
In	 order	 to	 favour	 the	 assembly	 process	 of	 supramolecular	 structures	 through	 non-covalent	
interactions,	 aqueous	 solution	 of	 1	 was	 subjected	 to	 ultrasonic	 treatment.	 As	 a	 result,	 the	
vibronic	 bands	 at	 264,	 274,	 326	 and	 340	 nm	were	 red-shifted	 to	 272,	 284,	 340	 and	 354	 nm	
respectively.	A	stronger	bathochromic	shift	than	the	one	obtained	without	ultrasonic	treatment	





from	 1.33	 to	 0.96.	 From	 these	 observations,	 the	 spectroscopic	 changes	 suggested	 that	 the	
pyrene	derivative	monomers	had	self-assembled	into	supramolecular	structures	with	an	offset	
stacking	 arrangement	 specific	 to	 J-type	 aggregates.[105,	 113,	 147-148]	 A	 sharp	 red-shifted	 band	 is	
typically	 expected	 for	 J-type	 aggregates,	 but	 several	 examples	 of	 broad	 absorption	 band,	 as	
observed	in	the	present	case,	have	been	reported.[113]		
The	 fluorescence	properties	of	1	were	 investigated	 to	gain	 further	 insights	 into	 the	assembly	
process	in	ethanol	at	0.2,	0.4,	1,	2,	5	and	10	mM,	Figure	56.	Upon	increasing	concentration	of	1,	
the	 intensity	 of	 the	 monomer	 peak	 measured	 at	 378	 nm	 decreased	 with	 concomitant	
appearance	of	a	new	peak	at	480	nm,	this	can	be	safely	attributed	to	excimer	formation.[149-151]	
A	 significant	 change	 of	 the	 fluorescence	 maximum	 wavelength	 emission	 at	 low	 and	 high	
concentration	 of	 1	 could	 be	 observed.	 After	 ultrasonic	 treatment	 in	 aqueous	 medium,	 the	






























reproducibility	 the	 procedure	was	 reproduced	more	 than	 50	 times	 and	 always	 provided	 the	
same	nanorod	 shape.	The	 supramolecular	 structures	were	 stable	 for	 several	months	at	25°C,	
but	higher	temperatures	(>40°C)	promoted	the	disassembly	of	the	supramolecular	structures.	
Further	 investigations	with	 FE-SEM	 allowed	 for	 the	 identification	 of	 smaller	 nanorods	 at	 the	
extremity	 of	 the	 self-assembled	 rods.	 The	 size	 of	 these	 nanorods	 ranged	 from	 15	 to	 35	 nm,	
Figure	58	e)	and	f).	
Transmission	electron	microscopy	(TEM)	investigations	were	carried	out	and	confirmed	a	high	




























As	 J-aggregates,	 the	 examination	 of	 the	 extended	 structure	 showed	 that	 the	 molecules	 are	
arranged	 in	an	offset	stack	 fashion	where	pyrene	moieties	are	stacked	one	above	each	other	
with	 a	 specific	 angle.	 Measurement	 of	 the	 distance	 separating	 two	 neighboring	 pyrene	



















the	 bulk	 sample	 structure	 by	 comparison	 with	 the	 X-ray	 powder	 diffraction	 pattern	 of	 the	





and	 the	 powder	 pattern	 of	 nanorods	 was	 obtained,	 Figure	 62.	 Background	 signal	 for	 the	






Upon	 exposure	 to	 sunlight	 over	 several	 weeks,	 crystals	 of	 1	 were	 found	 to	 change	 from	
colorless	 to	brown	 (1*).	No	differences	 in	 the	 crystal	morphology	 could	be	observed.	Due	 to	
poor	 diffraction	 of	 crystals	1*	 structural	 study	 could	 not	 be	 complete	 but	 it	was	 possible	 to	
obtain	a	data	set	of	limited	quality	from	which	some	major	connectivities	could	be	established.	
Structure	 solution	 was	 performed	 in	 Pc,	 as	 for	 1,	 and	 crystals	 of	 1*	 were	 found	 to	 be	 in	 a	



















density	of	 states	between	280-330	nm,	with	a	 significant	degree	of	 charge	 transfer	up/down	
the	 pyrene	 stacks.	 The	 position	 of	 the	 bright	 states	 in	 TD-DFT	 agrees	 reasonably	 with	 the	
observed	 absorption	 spectra,	 Figure	 64.	 Due	 to	 computational	 overhead	 geometry,	
optimization	in	the	excited	states	was	performed	with	smaller	6-31G*	basis	augmented	with	a	
diffuse	 set	 of	 functions	 on	 the	 carbons.	 Exploratory	 calculations	 revealed	 that	 states	
responsible	for	the	CT	band	optimise	to	a	similar	J-aggregate	but	with	a	closing	of	the	tilt	angle	






As	 stated	 above,	 the	 poor	 quality	 of	 diffraction	 data	 precludes	 the	 possibility	 to	 quantify	
parameters	 such	 as	π-stacking/hydrogen	bonding	distances,	 angles	 between	pyrene	moieties	










nanorods	 in	 solution.	 The	polycondensation	was	 followed	by	FE-SEM	analysis	 and	allowed	 to	














Triton	X-100	 MES	buffer	 Time	 SEM	
Fig.	S8	
Results	
1	 6	 3	 -	 -	 18h	 -	 HE.L*,	A*	
2	 12	 6	 -	 -	 18h	 -	 HO.L*,	SPs*,	A	
3	 18	 9	 -	 -	 18h	 a	 HE.L,	SPs,	A	
4	 8	 4	 -	 -	 24h	 c	 HE.L,	A	
5	 12	 4	 -	 -	 24h	 -	 HO.L,	A	
6	 8	 4	 3	mL	(0.2%)	 -	 24h	 b	 HE.L,	SPs	
7	 12	 4	 3	mL	(0.2%)	 -	 24h	 d	 HE.L,	SPs	
8	 12	 4	 1.2	mL	(0.1%)	 -	 24h	 e	 HE.L,	SPs	
9	 12	 4	 100	μL	(0.1%)	 15	mM	pH	6	 24h	 -	 A	
10	 12	 4	 -	 15	mM	pH	6	 50h	 -	 HO.L,	A	














Those	 clear	 differences	 observed	 allowed	 to	 confirm	 the	 effective	 silica	 layer	 growth	 around	
the	nanorods.	
2.9 Conclusion	
We	 successfully	 achieved	 the	 synthesis	 of	 a	 pyrene	 derivative	 and	 developed	 a	 strategy	 to	
produce	 hierarchical	 self-assembled	 nanorods	 following	 a	 template-free	 approach.	 The	 self-
assembly	process	is	demonstrated	to	first	occur	through	the	self-assembly,	via	π-π	stacking,	of	
the	molecular	building	block	into	excimers.	When	transferred	to	water,	hydrogen	bonds	and	π-
π	 stacking	act	 synergistically	 to	 form	 the	aggregates.	Hydrophobic	 effects	 (due	mainly	 to	 the	
pyrene	moiety)	 likely	assist	 the	construction	of	 the	nanorods.	Ultrasonication	 favour	 the	self-
assembly	 of	 these	 nanorods	 into	 bundles	 to	 form	 the	 observed	 supramolecular	 structures,	
Figure	66.	Single	crystal	X-ray	crystallography	provided	insight	into	the	packing	behaviour	of	1,	





A	 silica	 layer	was	 successfully	 grown	 on	 the	 surface	 of	 the	 nanorods.	 A	 surface	modification	
made	 possible	 by	 the	 presence	 of	 the	 triethoxysilyl	 groups.	 This	 silica	 layer	 enlarges	 the	






This	 section	 will	 cover	 the	 production	 process	 of	 the	 so-called	 "Smart	 Gate	 Particles".	
Templated	 synthesis	 of	 the	 mesoporous	 particles,	 surface	 functionalization	 and	 their	




reached	 85.6	 million	 barrels	 per	 day	 in	 2008.[1]	 In	 parallel,	 incidents	 arising	 from	 the	 huge	
trading	 of	 hydrocarbons	 are	 also	 significant	 and	 affect	 considerably	 marine	 environment	
causing	the	destruction	of	marine	species	and	flora.	Several	natural	and	chemical	approaches	




Bacteria	 degrading	 oil	 are	 ubiquitously	 present	 in	 marine	 environments.	 However,	 the	
concentration	 of	 necessary	 nutrients	 (i.e.	 nitrogen	 and	 phosphorus)	 to	 sustain	 an	 efficient	
biodegradation	of	hydrocarbons	in	marine	environment	is	not	sufficient.	Biostimulation,	which	
consists	 in	 the	addition	of	nutrients	 to	adjust	 the	metabolic	needs	of	hydrocarbon-degrading	
bacteria,	 is	 a	 promising	 alternative	 of	 the	 aforementioned	 methods	 as	 it	 provides	 a	 good	
balance	 of	 their	 nutritional	 needs.	 Oil-degrading	 bacteria	 feed	 on	 hydrocarbons	 to	 multiply	
themselves	 but	 also	 needs	 nitrogen	 for	 nucleic	 acid	 and	 protein	 production	 as	 well	 as	
phosphorus	 for	 nucleic	 acid,	 adenosine	 triphosphate	 (ATP)	 and	 protein	 production.	
Bioaugmentation	which	 consists	 in	 the	addition	of	hydrocarbon-degrading	bacteria	 represent	
also	an	alternative	method	but	it	is	still	limited	by	the	amount	of	available	nutrients.	The	main	

















protocol.[154]	 The	 synthesis	 of	 mesoporous	 particles	 was	 carried	 out	 using	
cetyltrimethylammonium	 bromide	 (CTAB)	 as	 surfactant.	 The	 self-assembly	 of	 this	 cationic	
surfactant	is	a	cooperative	phenomenon	driven	mainly	by	hydrophobic	interactions	where	the	
size	 and	 shape	of	 the	 ionic	micelles	depend	directly	on	 the	 charges	of	 the	polar	head	of	 the	
surfactant	and	the	 length	of	 its	apolar	chain.	The	micelle	formation	 in	water	 led	to	cylindrical	















were	 first	 dried	 under	 vacuum	 to	 remove	 water	 molecules	 from	 particles.	 Subsequently,	
solutions	 of	 urea	 or	 dipotassium	 phosphate	 were	 prepared	 and	 added	 directly	 to	 the	
mesoporous	particles	and	stirred	during	6	h	to	allow	the	nutrient	 loading	 into	the	particles,	a	
significant	 increase	 in	mass	 is	observed	after	 isolation	of	the	particles	(details	available	 in	the	
next	section).	
To	 endow	 the	 particles	 with	 hydrophobic	 properties	 and	 permit	 the	 particles	 to	 target	
specifically	 oil	 phase,	 functionalization	 of	 the	 surface	 of	 the	 particles	 was	 carried	 out	 using	
silane	compounds.	This	step	is	a	2-in-1	process	where	not	only	the	particles	are	functionalized	
and	 become	 hydrophobic	 but	 also	 where	 "smart	 gates"	 are	 created.	 Indeed,	 the	 pores	 are	
surrounded	by	alkyl	chains	that	are,	because	of	non-solvation,	collapsing	in	aqueous	phase	and	







In	 order	 to	 fully	 close	 the	 pores	 the	 alkyl	 chains	 should	 be	 sufficiently	 long	 to	 obstruct	 the	
pores.	Several	hydrocarbons	length	has	been	considered	from	16	carbon	atoms	with	a	length	of	
19.6	 Å	 to	 24	 carbon	 atoms	 with	 a	 length	 of	 28.6	 Å.	 The	 functionalization	 of	 the	 loaded	
mesoporous	 particles	 with	 the	 nutrients	 was	 eventually	 carried	 out	 with	









the	particles,	 Figure	70.	Measurement	before	 surface	 functionalization	afforded	a	negative	 ζ-
potential	 of	 -46.4	 mV	 with	 a	 standard	 deviation	 of	 20	 mV	mainly	 due	 to	 the	 deprotonated	
hydroxyl	 groups	 localised	 at	 the	 surface	while	 after	 functionalization	 a	 ζ-potential	 of	 6.8	mV	
with	a	standard	deviation	of	6	mV	was	obtained.	The	reaction	of	OTS	with	the	hydroxyl	groups	





of	 the	mesoporous	particles	 is	provided,	 Figure	71.	 For	 the	 same	mixture	water/heptane	 the	
mesoporous	particles	are	well	dispersed	in	water	while	the	SGPs	are	localised	in	heptane	at	the	












Characterization	 of	 the	 mesoporous	 particles	 was	 also	 carried	 out	 by	 means	 of	 electron	
microscopy.	SEM	analysis	revealed	particles	with	size	ranging	from	100	nm	to	400	nm,	Figure	




In	order	 to	 assess	 the	porosity	of	 the	mesoporous	particles	 TEM	analysis	was	 carried	out	on	
copper	 grid,	 Figure	73.	 The	mesoporous	 structure	was	 clearly	 evidenced	and	 typical	 contrast	






























of	 dipotassium	phosphate	 or	 urea.	 In	 order	 to	 assess	 the	 effective	 loading	 into	 the	 particles	
different	 concentrations	 of	 dipotassium	 phosphate	 and	 urea	were	 prepared	 for	 the	 loading,	
Table	 8.	 The	 amount	 of	 MCM-41	 and	 the	 volume	 of	 the	 solution	 were	 kept	 constant,	 the	
concentration	of	 the	dipotassium	phosphate	and	urea	was	 the	only	parameter	 changed	over	
the	experiments.	After	being	 stirred	 for	6h	 into	 the	 solutions,	 the	particles	were	 filtered	and	
dried	at	35°C	under	vacuum.		
Table	8.	Conditions	for	the	loading	of	dipotassium	phosphate	and	urea	into	mesoporous	particles.	
		 A	 B	 C	 D	
MCM-41	(g)	 20	 20	 20	 20	
Dipotassium	
phosphate	(g)	
9	 18	 36	 54	
Urea	(g)	 6.5	 13	 26	 39	
Water	(mL)	 200	 200	 200	 200	
	













Kinetic	studies	of	 the	release	of	 the	nutrients	were	performed	to	assess	 the	rate	of	nutrients	
release	 into	water	under	 stirring	and	under	 sonication.	 Two	experiments	were	 carried	out	 in	
parallel.	 In	one	experiment,	SGPs	were	added	 to	water	under	stirring	 for	5	h,	and	 in	another	
experiment	SGPs	were	added	to	water	and	were	subjected	 to	ultra-sonication	 for	5	h,	Figure	
75.	 As	 observed,	 only	 7%	 of	 the	 loaded	 phosphate	 was	 released	 after	 5	 h	 under	 stirring	 in	
water.	 This	 is	 a	 strong	 evidence	 of	 the	 efficacy	 of	 the	 SGPs	 that	 prevent	 the	 release	 of	 the	
phosphate	 in	 aqueous	 medium.	 For	 the	 second	 experiment	 under	 ultra-sonication,	 which	








The	 SGPs	were	 designed	 to	 allow	 a	 slow	 release	 of	 the	 nutrients	 for	 hydrocarbon-degrading	
microorganisms	once	in	contact	with	oil	phase.	The	slow	release	permits	to	prevent	a	dilution	
of	 the	 nutrients	 in	 water	 before	 consumption	 by	 the	 bacteria.	 To	 assess	 the	 difference	 of	












the	 experiment	 independently	 from	 the	 speed	 stirring.	 Concerning	 the	 SGPs,	 the	 phosphate	
release	 reached	 maximum	 after	 10h	 at	 500	 rpm	 and	 after	 30h	 at	 100	 rpm.	 From	 these	
observations	 it	 was	 concluded	 that	 the	 release	 rate	was	 directly	 correlated	with	 the	 stirring	
speed.	The	higher	the	stirring	speed	the	higher	the	surface	area	between	heptane	and	water.	
At	500	rpm	the	mixture	formed	a	pseudo-emulsion	that	allowed	a	higher	extraction	rate	from	
heptane	 to	water.	 To	 show	 that	 phosphate	 is	 diffusing	 through	heptane	before	 reaching	 the	
aqueous	 phase	 an	 experiment	 was	 set	 in	 which	 dipotassium	 phosphate	 has	 been	 added	 to	
heptane	and	left	for	3h	under	stirring.	The	solution	was	then	filtrated	and	extracted	with	water,	
a	 phosphate	 concentration	 of	 0.95	 μM	 was	 found	 in	 water.	 This	 was	 an	 evidence	 of	 the	






The	 performances	 of	 the	 SGPs	 for	 crude	 oil	 biodegradation	 were	 assessed	 using	 the	 oil	
degrading	bacterium	Marinobacter	hydrocarbonoclasticus	KS-ANU5.	Experiments	were	carried	
out	 by	 the	 group	 of	 Prof.	 Corvini	 (FHNW).	 A	Marinobacter	 strain	was	 inoculated	 to	 artificial	
seawater	containing	crude	oil	for	a	final	biomass	of	5.3	x	107	CFU	(colony	forming	unit)/mL.	The	
effect	between	N	and	P	released	from	the	SGPs	and	the	dissolved	form	of	N	and	P	(from	urea	








open	 sea	 environment	 as	 in	 open	 sea	 the	 N	 and	 P	 would	 be	 immediately	 diluted	 but	 this	
experiment	 served	as	a	 relevant	 reference	 for	 the	assessment	of	SGPs	effect.	The	amount	of	
SGPs	containing	the	N	and	P	was	calculated	to	match	the	quantity	of	N	and	P	dissolved.	In	biotic	
conditions,	an	expected	decrease	of	the	microbial	growth	is	observed;	the	absence	of	nutrients	
(N	and	P)	 cannot	 sustain	 a	 viable	microbial	 growth.	 In	 the	 case	of	dissolved	nutrients,	which	










An	alternative	method	was	used	 to	 assess	 the	performance	of	biostimulation	by	 the	 SGPs	 in	
presence	 of	 crude	 oil	 or	 tetradecane,	 a	 hydrocarbon	 used	 as	 a	 basic	 model	 for	 crude	 oil	
degradation.	The	measurements	were	carried	out	in	aerobic	conditions	and	were	based	on	the	
consumption	 of	molecular	 oxygen	 by	 the	Marinobacter	 bacteria.	 These	 latter	 consumed	 the	
oxygen	 during	 degradation	 of	 hydrocarbons.	 An	 OxiTop®	 system	 was	 used,	 which	 contains	
sodium	 hydroxide	 and	 a	 pressure	 sensor.	 The	 carbon	 dioxide	 produced	 during	 the	
mineralization	 of	 hydrocarbons	 was	 absorbed	 by	 the	 sodium	 hydroxide	 contained	 in	 the	
solution.	 The	 consumption	 of	 the	 oxygen	 by	 the	 microorganisms	 during	 the	 degradation	 of	
organic	 compounds	 caused	 a	pressure	drop	 in	 the	headspace	of	 the	bottle.	 This	 change	was	
detected	 and	 pressure	measurement	 data	 were	 continuously	 recorded	 to	 be	 determined	 as	
BOD	 (biological	 oxygen	 demand).	 The	 BOD	 reflects	 the	 amount	 of	 oil	 components	 that	 was	
consumed	by	the	Marinobacter.		
Different	 conditions	 were	 tested	 to	 assess	 the	 effect	 of	 SGPs	 on	 the	 degradation	 of	
hydrocarbons,	 Figure	78.	 In	 abiotic	 conditions	 after	 24	days,	 extremely	 low	microbial	 growth	
was	 observed	 whatever	 the	 source	 of	 hydrocarbons,	 crude	 oil	 or	 tetradecane.	 In	 biotic	
conditions	 and	 in	 presence	 of	 hydrocarbons,	 a	 higher	 microbial	 growth	 was	 observed.	 The	
addition	of	nutrients	as	direct	source	(dissolved	N	and	P)	improved	the	microbial	growth	in	the	
case	of	tetradecane	and	crude	oil	compared	to	the	conditions	where	no	additional	source	of	N	
and	P	were	available.	The	 level	of	microbial	growth	 in	 the	case	of	SGPs	as	source	of	N	and	P	
surpassed	 all	 the	 conditions	 previously	 mentioned	 and	 reached	 the	 limit	 of	 800	 mg/L,	





























sustained	 over	 a	 period	 of	 18	 days	 and	 the	 plateau	 is	 reached	 faster	 than	 with	 dissolved	
nutrients.	It	is	worth	to	mention	that	the	relevance	of	the	dissolved	nutrients	experiment	is	also	
limited,	as	in	real	conditions	the	concentrations	used	would	not	be	sustained	for	more	than	few	
minutes	 because	 of	 the	 dilution	 of	 the	 soluble	 nutrients	 in	 the	 open	 sea	 environment.	 To	
overcome	these	 issues,	we	decided	to	perform	experiments	 in	real	environmental	conditions.	




of	 SGPs	 in	 natural	 environment.	 The	 experiment	 was	 carried	 out	 in	 Aegean	 Sea	 (Greece).	
Booms	were	placed	around	a	heavy	oil	leak	to	avoid	dispersion	of	the	oil	during	the	treatment	












were	still	 covered	by	oil	 spill	 and	SGPs.	The	 third	day,	a	 thin	 layer	of	oil	 remains	all	over	 the	
surface	contained	 in	between	the	booms.	SGPs	were	then	applied	a	second	time	on	this	 thin	




deliver	 specifically	 the	 nutrients	 to	 bacteria.	 The	 introduction	 of	 functional	 groups	 on	 the	
external	 surface	 of	 the	material	 allowed	 to	 control	 the	 interactions	 of	 the	 particles	with	 the	













the	 bacteria.	 After	 nutrients	 intake	 from	 the	 bacteria,	 the	 BOD	 increase	 evidenced	 an	
enhancement	in	the	hydrocarbon	degradation.		















could	 produce	 CDPs	 that	 showed	 specificity	 towards	 TY	 and	 HT	 compounds.	 The	 desorption	
efficiency	 was	 also	 increased	 with	 the	 use	 of	 mixture	 of	 methanol/water	 (40:60).		







OMW	sample).	COD	 level	have	been	divided	by	5	 times	 in	 the	recovered	wastewaters,	which	
make	them	relevant	for	irrigation	purposes.		
The	finding	reported	in	this	manuscript	goes	beyond	the	recovery	of	phenolic	compounds	from	
OMW.	 Indeed,	 the	 possibility	 of	 controlling	 the	 interactions	 between	 the	 polymer	 and	 the	
compound	of	interest	is	one	of	the	key	achievements	of	this	PhD	thesis.	By	extension,	it	could	
be	hypothesized	that	other	molecules,	including	toxic	or	high	value-added	molecules,	could	be	
targeted	 through	 the	 proper	 design	 of	 CDP	 that	 would	 act	 as	 a	 high	 selective	 tool	 for	 the	
recovery	 and	 recycling	 of	 these	molecules.	 Two	 approaches	 are	 envisioned:	 the	 screening	 of	
monomers	 to	 adapt	 the	 composition	 of	 the	 CDP	 depending	 on	 the	 affinity	 for	 the	 target	








and	 developed	 a	 strategy	 to	 produce	 hierarchical	 self-assembled	 nanorods	 following	 a	
template-free	 approach.	 We	 described	 the	 nanomaterial	 that	 forms	 after	 molecular	 self-
assembly	with	SEM	and	TEM	analyses.	In	order	to	understand	their	internal	structures	UV-vis,	
FTIR,	X-ray	analyses	were	carried	out	and	allowed	us	to	conclude	that	the	self-assembly	process	
occurs	 via	 π-π	 stacking	 of	 the	 molecular	 building	 block.	 The	 bathochromic	 shift	 of	 the	
characteristic	bands	observed	when	transferred	 to	aqueous	medium	and	 the	decrease	of	 the	
ratio	of	intensities	allowed	us	to	conclude	on	the	formation	of	J-type	aggregates.	Single	crystal	
X-ray	crystallography	provided	detailed	insights	into	the	crystal	packing	of	1,	whilst	powder	X-




Pyrene	 derivative	 self-assembly	 is	 an	 effective	method	 to	 create	 functional	 nanomaterials	 as	
optoelectronically	 relevant	organic	nanostructures.	But	one	of	 the	possible	outlooks	 for	 such	
structures	 is	 the	 combination	 of	 the	 organic	 nanomaterials	 with	 biological	 components	 as	
enzyme.	 The	 potential	 that	 may	 come	 from	 bringing	 π-conjugated	 electronic	 function	 in	
combination	with	catalytic	potential	of	proteins	is	poised	to	impact	on	biocatalytic	applications.	




is	of	great	 importance	 in	 several	domains	 such	as	 in	drug	delivery.	Herein,	we	demonstrated	
how	 SGPs	 could	 act	 as	 nanocarriers	 and	 deliver	 specifically	 nutrients	 to	 bacteria	 under	
environmental	trigger.	The	design	of	such	particles	represents	an	alternative	and	ecological	way	






with	more	 than	 two	molecules.	SGPs	efficiency	was	assessed	 in	 sea	water	and	demonstrated	
after	 few	days	an	efficient	degradation	of	oil	and	a	promising	potential	 for	 the	application	of	
SGPs	 in	 biostimulation.	 In	 addition,	 the	 simplicity,	 inexpensive	 and	 eco-friendly	 method	 of	
production	makes	SGPs	even	more	attractive.	
One	of	the	goals	will	be	to	convert	the	acquired	knowledge	into	technical	application.	In	view	of	
the	 complex	 nature	 of	 the	 topic,	 the	 number	 of	 research	 groups,	 companies,	 governmental	
organisations	and	private	corporations	involved;	it	is	still	difficult	to	predict	whether	or	not	this	
















β-CD	was	purchased	 from	CycloLab	 (Hungary).	All	 other	 solvents	 (analytical	 grade)	 and	other	
chemicals	were	obtained	from	Sigma-Aldrich	and	used	without	any	further	purification	unless	
otherwise	mentioned.	Reactions	were	followed	by	thin-layer	chromatography	(TLC)	carried	out	
on	 Polygram®	 G/UV254	 pre-coated	 polyester	 plates.	 Flash	 silica	 gel	 chromatography	 was	
performed	over	Macherey-Nagel®	silica	C60	(40-63μm).	Nanopure	water	was	produced	with	a	
Millipore	 Synergy	 purification	 system	 (resistivity	 ≥	 18	 MΩ	 cm).	 Elma®	 S30H	 Elmasonic	 bath	





in	 parts	 per	 million	 (ppm).	 All	 coupling	 constants	 (J)	 are	 reported	 in	 hertz	 (Hz).	 The	
abbreviations	 s	 (singlet),	 d	 (doublet),	 dd	 (doublet	 of	 doublet),	 t	 (triplet),	 q	 (quartet)	 and	 m	
(multiplet)	are	used	to	describe	multiplicities.	Mass	spectra	(m/z)	were	recorded	on	a	Finnigan®	





microscope,	 5	 μL	 of	 each	 sample	 were	 spread	 on	 freshly	 cleaved	 mica	 sheets,	 dried	 under	
ambient	 conditions	 and	 sputter-coated	 with	 a	 gold-platinum	 alloy	 for	 30	 seconds	 at	 15	 mA	
(SC7620	 Sputter	 coater).	 Micrographs	 were	 acquired	 using	 the	 InLens	 mode	 with	 an	









Absorbance	 and	 fluorescence	 intensity	 were	 measured	 using	 a	 Biotek	 Synergy™	 H1	 hybrid	
multi-mode	 microplate	 reader.	 All	 measurements	 were	 performed	 at	 25°C.	 Absorbance	
characterization	was	performed	using	Greiner	Bio-one	96	well	UV-Star	microplates	and	spectra	
were	 recorded	 between	 250	 and	 500	 nm.	 Spectrum	 of	 pyrene	 derivative	 1	 in	 ethanol	 was	
recorded	following	these	procedures.	For	the	spectrum	recorded	in	ethanol,	pyrene	derivative	
1	 was	 solubilized	 in	 ethanol	 (concentration	 0.1	 mM)	 and	 an	 aliquot	 of	 200	 μL	 was	 then	










1,	 2,	 5	 and	 10	 mM	 were	 prepared.	 For	 the	 spectra	 obtained	 after	 ultrasonication	 pyrene	
derivative	1	was	solubilized	in	ethanol	and	was	added	to	water	under	ultrasonication	(ratio	vol.	




Dynamic	 light	 scattering	measurements	 were	 carried	 out	 by	means	 of	 a	Malvern®	 Zetasizer	
nano-ZS	 instrument	on	suspensions	of	the	produced	nanorods	 in	water	(ethanol	10	vol.	%)	at	
different	concentrations	 (0.008,	0.016,	0.033,	0.066,	0.1	and	0.167	mg/mL)	using	ZN0112	 low	
volume	 disposable	 sizing	 cells.	 Measurements	 were	 carried	 out	 in	 triplicate	 to	 ensure	








An	Agilent	HPLC	1100	 system	was	used	with	a	 reversed-phase	column	Zorbax®	SB-C18	 (4.6	 x	
250	mm,	5	μm)	for	HPLC	analyses.	The	mobile	phase	consisted	in	solvent	A	(H2O:	CH3CN:	TFA,	
95:4.9:0.1,	 v:v:v)	 and	 solvent	 B	 (H2O:CH3CN:TFA,	 4.9:95:0.1,	 v:v:v).	 An	 isocratic	 gradient	 was	
applied	and	flow	rate	kept	constant	(1.0	mL	min-1).	The	HPLC-UV	detector	was	set	to	230	nm	
and	280	nm.	 Ion	 trap	mass	 spectrometry	analyses	were	performed	on	an	Agilent	1260	 liquid	
chromatography	 setup	 coupled	 to	 an	 Agilent	 6320	 ion	 trap	 spectrometer	 via	 a	 nano-ESI	
interface,	using	H2O/ACN	as	eluent	both	solvent	containing	0.1%	TFA.	
6. Adsorption	kinetic	procedure	




the	mixture	every	30	min	and	 filtrated	 to	 remove	any	solid	particles.	The	samples	were	 then	
analysed	by	HPLC.	
7. X-ray	crystallography	
Data	 were	 collected	 at	 100(2)	 K	 by	 shutterless	 scans	 using	 a	 Bruker®	 D8	 diffractometer	
equipped	with	a	PHOTON	100	detector	and	operating	with	a	silicon	111	monochromator	and	
synchrotron	 radiation	 of	 wavelength	 0.77490	 Å.	 Diffraction	 data	 on	 the	 air-stable	 dried	
nanorods	were	 collected	using	 a	Bruker®	D8	Advance	powder	diffractometer,	 operating	with	




mL	of	 the	samples	were	added	 to	 the	 tubes	containing	potassium	permanganate	 in	an	acidic	
medium.	The	tubes	were	then	incubated	at	150°C	for	2	h.	Once	the	tubes	were	cooled	down	to	









1).	After	120	min	of	 reaction	under	 stirring	at	 65°C,	 200	mL	of	 a	 solution	of	β-CD	 (12	mmol,	
13.61	 g)	 and	 1	mL	 of	 DBTDL	 in	 DMF	were	 added	 and	 allowed	 to	 react	 at	 75°C	 for	 3	 h.	 The	













The	 polymer	 was	 added	 to	 1.5	 mL	 aqueous	 solution	 of	 the	 selected	 phenolic	 compounds	




For	 the	 phenolic	 compound	 from	OMW,	 a	 fraction	 of	 1	mL	 of	 phenolic	 compounds	 solution	
extracted	 from	 OMW	 (2	 mg	 mL-1)	 was	 incubated	 with	 the	 CDP	 (100	 mg)	 for	 2	 h	 at	 25°C.	







sample	 was	 eluted	 through	 the	 column	 using	 several	 solvents	 as	 ethanol,	 methanol,	 ethyl	






additional	 10	 min.	 Then,	 the	 mixture	 was	 cooled	 down	 to	 room	 temperature	 and	 the	 MDI	
suspension	 was	 added	 dropwise	 to	 the	 Me-β-CD	 suspension	 under	 strong	 stirring.	 A	 white	






(17.34	mmol,	 3.6	mg)	was	 then	 added	and	 the	mixture	was	 stirred	 for	 15	min	before	APTES	
(17.34	mmol,	4.1	mL)	was	added.	The	suspension	was	then	stirred	for	30	min	at	0°C	before	the	
reaction	mixtures	was	allowed	to	warm	up	at	25°C	and	stirred	for	additional	24h.	The	reaction	
mixture	was	 then	cooled	at	0°C	 for	2h	and	 the	 resulting	precipitate	 (DCU)	was	eliminated	by	
filtration.	The	mixture	was	placed	at	0°C	overnight	and	was	then	filtrated.	The	purification	was	
achieved	 by	 flash	 chromatography	 using	 ethyl	 acetate/cyclohexane	 mixture	 (3/7)	 as	 eluent,	











13C	 NMR	 ((CD3)2SO,	 400MHz):	 δ	 =	 171.64	 (CO),	 136.54	 (Ar	 C),	 130.85	 (Ar	 C),	 130.39	 (Ar	 C),	
129.26	(Ar	C),	128.11	(Ar	C),	127.43	(Ar	C),	127.40	(Ar	C),	127.14	(Ar	C),	126.45	(Ar	C),	126.07	(Ar	
C),	124.87	(2	x	Ar	C),	124.71	(Ar	C),	124.21	(Ar	C),	124.12	(Ar	C),	123.43	(CH2),	57.63	(3	x	CH2),	








Nanorods	were	 suspended	 in	 12	mL	 (0.25	mg/mL)	 of	 a	 2-(N-morpholino)ethanesulfonic	 acid	
(MES)	buffer	(15	mM)	and	triton	X-100	(10	µL,	0.1%)	was	added.	The	suspension	was	subjected	
to	sonication	for	10	min.	The	suspension	was	left	to	stir	at	400	rpm	for	30	min	at	20°C	(pH	6).	







The	 liquid	was	 then	 filtrated	 through	25	μm	and	11	μm	GE	Healthcare	 Life	 Science	Waltham	











LM030	 filling	 level	 meters	 to	 insure	 minimum	 level	 of	 solvent	 in	 the	 tanks	 and	 pipes.	 The	
system	also	 included	two	reactors	 (13.0	cm	x	6.0	cm)	connected	 in	series	 that	could	be	used	
separately,	one	tank	(15L)	to	recover	the	rinsing	solvents,	two	elution	tanks	(5L)	to	recover	the	
desorbed	 solvents,	 two	 reclaim	 tanks	 (5L)	 and	 a	 collecting	 tank	 (30L)	 for	 the	 dephenolized	
OMW.	 The	 mass	 flow	 was	 monitored	 by	 two	 Bronkhorst	 mini	 CORI-Flow	 mass	 meter.	 One	
situated	between	the	feed	tank	and	the	reactors	and	another	one	between	the	elution	tanks	




samples,	 and	 the	 second	 for	 the	 desorption	 samples.	 Up	 to	 46	 different	 fractions	 could	 be	
collected	in	a	row	on	each	auto	sampling	system.	The	software	allowed	among	other	options	to	











vacuum	 and	 left	 for	 3h.	 A	 saturated	 solution	 of	 urea	 and	 a	 saturated	 solution	 of	 potassium	











A	 solution	of	CTAB	 (2.0	 g),	 7.0	mL	of	NaOHaq	 (2.0	M,	7.0	mL)	 and	H2O	 (480	g)	was	prepared	
(pH=12.3)	 and	 heated	 at	 80	 °C	 for	 30	min	 To	 this	 clear	 solution,	 TEOS	 (10.0	mL)	was	 added	












to	wells.	 The	 volume	was	brought	 to	 200	μL	with	water	 and	phosphate	 reagent	 (30	μL)	was	
added	 to	 the	 sample.	The	well	plate	was	 covered,	protected	 from	 light	and	 incubated	 for	30	
min	at	rt.	Absorbance	was	measured	at	650	nm.	
21. 	Urea	colorimetric	assay	
Assay	 reaction	 was	 performed	 as	 follow.	 Samples	 of	 100	 μL	 were	 recovered	 from	 the	
supernatant	and	added	to	a	2	mL	Eppendorf	 tube.	Water	 (900	μL)	was	added	to	obtain	1	mL	
sample.	Then	sequentially	diacethylmonoxime	(50	μL),	 thiosemicarbazide	(8	μL)	and	Fe2(SO4)3	




































411 13.5879 PDI/7.6864 1000 DMF/360 75-85 46.5 
417 3.5507 PDI/2.0143 1000 DMF/43 - 76.4 
424 24.9400 PDI/21.3561 3000 DMF/250 - 54.8 
428 76.2 PDI/43.133 5600 DMF/2000 - 100 
431 1.2141 PDI/1.0201 150 - - 0 
443 1.6208 MDI/10.0209 50 - - 0 
446 1.3656 MDI/1.2136 100 DMF/36 - 96.2 
448 13.6784 MDI/12.2187 500 DMF/260 - >100 
449 4.5154 TDI/2.76 300 DMF/80 - 84.8 
457-1 3.1589 TDI/1.93 0 DMF/11 - 88.5 
457-2 3.1592 TDI/6*1.93 25 DMF/11 - 60.4 
457-3 3.1536 TDI/6*1.93 50 DMF/11 - 60 
457-4 3.1582 TDI/6*1.93 100 DMF/11 - 60 
457-5 3.1558 TDI/6*1.93 150 DMF/11 - 60 
457-6 3.1590 TDI/6*1.93 231 DMF/11 - 60 
458-1 1.5141 MDI/1.4086 0 DMF/11 - 94.0 
458-2 1.5189 MDI/1.4032 10 DMF/11 - 98.3 
458-3 1.5136 MDI/1.4048 20 DMF/11 - 103.6 
458-4 0.7560 MDI/0.7054 0 DMF/11 - 68.2 
458-5 0.7586 MDI/0.7059 10 DMF/11 - 97.8 
458-6 0.3831 MDI/0.3522 0 DMF/11 - 65.2 
458-7 0.3871 MDI/0.3515 10 DMF/11 - 60.9 
458-8 0.5070 MDI/0.4611 10 DMF/11 - 92.4 
458-9 0.1954 MDI/0.1823 10 DMF/11 - 18.3 
459-1 0.3272 MDI/0.3011 10 DMF/11 - 101.3 
459-2 0.3251 MDI/0.3049 10 DMF/11 - 100.4 
459-3 0.3270 MDI/0.3027 10 DMF/11 - 105.4 
460-1 0.5061 MDI/0.4652 10 DMSO/11 - 58.0 
460-2 0.7539 MDI/0.7022 10 DMSO/11 - 78.4 
460-3 1.5127 MDI/1.4007 10 DMSO/11  73.4 
460-4 3.3361 MDI/3.1091 10 DMSO/11 - 97.9 
460-5 2.0079 MDI/18731 10 DMSO/11 - 74.5 
460-6 2.5035 MDI/2.3370 10 DMSO/11 - 84.8 
461 60.1313 MDI/56.1744 200 DMSO/330 -  
462-1 2.0022 MDI/1.8707 10 DMSO/11 - 70.6 
462-2 2.0021 MDI/1.8716 10 DMSO/11 - 85.9 
462-3 2.0018 MDI/1.8715 10 DMSO/11 - 52.0 
462-4 2.0040 MDI/1.8717 10 DMSO/11 - 50.8 
463 1.3632 (HPBCD) MDI/1.2010 100 Acetone/30 50 49.4 
464 1.3636 (MeBCD) MDI/1.2008 100 Acetone/35 50 74.5 
465 1.3615 (MeBCD) MDI/1.2078 100 Acetone/80 50 68.1 
466 6.8096 (MeBCD) MDI/6.0072 500 Acetone/35 50 74.7 
467 20.4844 (MeBCD) MDI/18.0128 500 Acetone/45 50 66.4 
468 34.1208 (MeBCD) MDI/30.0020 500 Acetone/100 50 68.4 
469 21.2190 (MeBCD) MDI/18.9023 200 Acetone/35 50 75.4 





471 13.2176 (MeBCD) MDI/17.8368 200 Acetone/35 42 93.2 
472 13.0115 (MeBCD) MDI/17.0066 100 Acetone/35 42 90.3 
473 100.9517 (MeBCD) MDI/119.0042 700 Acetone/350 42 93.9 
474 440 (MeBCD) MDI/567.3473 3000 Acetone/1200 42 100 
	
Table	10.	Details	of	the	gradient	used	for	TY	and	HT	desorption.	
  TY HT	   
Time (min) Concentration 
(mg/L) 
Concentration	(mg/L)	 Solvent 




6,00  2,07    8,29	
9,00  2,22    8,60	
12,00  2,66    8,56	
15,00  2,76    6,50	
18,00  2,88    4,85	  
 
95% acid. 
water + 5% 
ACN 
21,00  3,18    4,40	
24,00  3,55    4,10	
27,00  4,44    4,15	
30,00  6,59    5,04	 85% acid. 
water + 15% 
ACN 39,00  14,77    7,48	







water + 25% 
ACN 
45,00  42,59    14,48	
48,00  54,51    17,55	
51,00  66,98    17,53	
54,00  93,59    17,78	
57,00  137,13    20,27	
60,00  164,12    21,32	
63,00  175,08    18,59	
66,00  173,99    15,32	
69,00  172,49    13,17	
72,00  162,77    11,23	  
 
80% acid. 
water + 20% 
MetOH 
75,00  153,11    8,46	
78,00  144,41    6,83	
81,00  135,19    5,45	
84,00  126,38    4,60	
87,00  107,15    3,63	 40% acid. 
water + 60% 
MetOH 90,00  61,14    1,77	
93,00  30,73    0,83	
96,00  20,45    0,56	
99,00  23,88    0,62	






105,00  83,68    1,71	
108,00  52,72    0,89	
111,00  65,43    1,19	
114,00  50,01    0,83	




120,00  43,87    0,54	
123,00  20,63    0,35	
126,00  7,60    0,18	
129,00  4,46    0,32	
132,00  2,87    0,30	
135,00  1,16    0,21	
138,00  0,57    0,12	














































Conditions	 	 	 	 	 	
Ethanol	 Peak	(nm)	 264	 274	 326	 340	
	 Peak-to-valley	ratio	 1.4	 2.42	 1.68	 2.22	
Aqueous	 medium	
(ethanol	10%)	
Peak	(nm)	 268	 280	 332	 350	
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